Abstract -In electric vehicle applications, it is necessary to use series strings of batteries since the required voltage is higher than the one that can be obtained from a single battery. Due to several factors, imbalance of batteries in these battery systems is usual and an important factor that has to be taken into account. Many balancing methods have been developed with a lot of different advantages, but all of them also have a lot of disadvantages such as complexity and/or high cost, which are the common problems that can be found in most of these equalization methods. In the present work, a low cost and very simple equalization method is proposed, in which a novel control is applied to a shunting transistor topology. It allows the transistors to regulate the amount of current that goes through each battery cell in the string depending on their State of Charge (SOC), during the charging process. This control ensures that the least charged cells to be charged faster, and the most charged ones to be charged more slowly. Design criteria are discussed and simulation results are carried out in a generic battery low power application which proves the control method. Fast equalization with a low complexity and cost is obtained.
I. INTRODUCTION
Along the last years, the research on electric vehicles has become of special interest for many reasons such as environmental awareness (which leads us to a more efficient transportation vehicles and Government incentives), continuous increase of the oil price due to the natural resource exhaustion and the instability in the Middle East, etc. Hybrid electric vehicles (HEVs) were the first proposed solution to the trend toward more electric vehicles [1] , and nowadays BEVs (Battery Electric Vehicles) are coming out more and more. Different battery technologies have been studied and utilized for the EVs (Electric Vehicles), but new researches are developing the Lithium-ion batteries which are becoming the most viable option for portable and mobile energy storage applications, especially for EVs [2] - [4] .
Most of applications for batteries need higher voltage than can be obtained from a single electrochemical battery and series strings of cells (each battery that makes up the whole battery pack is called cell hereafter unless otherwise noted) are used to meet voltage requirements in EVs [5] - [6] .
Imbalance of cells in battery systems is very usual and an important matter in the battery system life. A battery system without a balancing technique can lead its cells to be overcharged, undercharged, or even overdischarged, and it takes special importance in Li-ion cells [7] - [9] . The reasons of this imbalance may be of two categories [10] : internal sources (manufacturing variance in physical volume, internal impedance and self-discharge rate) and external sources such as thermal difference across the pack.
There are many different balancing methods [11] - [13] . Balancing methods can be classified into passive balancing methods and active balancing ones. In passive equalization an external overcharge is enforced to allow weak cells to reach the less weak ones. At high SOC (Battery State-of-Charge), the charge process for lead-acid and nickel cells becomes inefficient since its water begins to dissociate and energy goes into electrolysis rather than the charge process. However, Liion cells do not have the aqueous component, and so do not have the gassing overcharge process that allows a passive equalization in other chemistries. Since the Li-ion battery is the most important one, according to these previous lines, this paper is focused on an active balancing method. The different active methods are summarized in Table I [11]- [12] . Energy converters are featured by fully control of balancing process.
All of these balancing methods have been developed with a lot of advantages, but all of them also have a lot of disadvantages such as complexity and/or high cost, which are some of the common features that can be found in most of these equalization methods. In the present work a low cost and very simple method is proposed, presenting a novel control for a shunting transistor balancing method in a generic battery charging process. In Section II the proposed equalization system is presented and in Section III the different simulation results are shown, validating this proposed control balancing method. Finally, Section IV remarks the different conclusions.
II. EQUALIZATION SYSTEM DESIGN
The main idea of this equalization system is to use a MOSFET working in saturation mode as a variable resistance, instead of using a resistance, whose value is fixed. The aim of this new control is to regulate the amount of current that goes through the cells that make up the battery in order to balance the whole battery system. A large number of advantages are obtained by using this equalization system together with the novel control. In addition to the advantages of the shunt resistor -for example reliability, effectiveness, low cost, simple to implement, suitability in modular design, fast equalization during charging, etc.-it reduces disadvantages such as energy losses, since the bypassed current through the MOSFET decreases when its corresponding cell is being closer to be balanced or even it stops being bypassed under some conditions.
The bypassed current through the MOSFET is regulated varying its gate-source voltage according to Fig.1 . The higher the gate-source voltage of the MOSFET is, the higher the bypassed current through the MOSFET is, and therefore the less the corresponding cell is charged, and vice versa.
In order to be able to equalize during the charging process or during the regenerative braking, a MOSFET is set in parallel to each cell of the string. The MOSFET is an nchannel device. The topology is shown in Fig.2 .
The main idea of the equalizer is to measure the voltage of every cell that makes up the battery, set the average voltage of the aforementioned measurements which is considered the reference one, and extract the difference between every cell voltage and the cells average value.
During the battery charging process, cells with lower voltage than the average one need to be charged as much as possible in order to reach the average value as soon as they can. These cells receive all the current that comes to the battery from the charger, and therefore their corresponding MOSFETs (n-channel one) are set to the off-state and they do not bypass the cell. On the other hand, cells with higher voltage than the average one need to stop being charged, in order to approximate to the average value more and more since this mentioned average value is increasing as the lower voltage cells are being charged. Once all the cells reach the reference the battery can be considered balanced.
With the aim to optimize the charging process, instead of bypassing all of the current of the higher voltage cells until the battery is balanced and then keeping charging all the cells together, the higher voltage cells are charged in a lower rate of current, bypassing the remaining current. The closer to the average value the higher cell voltage is, the lower the amount of current is bypassed by the corresponding MOSFET. Once the cell voltage reaches the average one, the MOSFET is set to the off-state and all of the current that comes to the battery goes through the cell. It allows the system to decrease the energy losses. The aforementioned process of equalizing under the charge conditions is depicted in Fig.3 .
In order to decide how much current is bypassed when a cell is unbalanced, a maximum difference diff max between the cell voltage and the reference (the average value) is set. The difference of the i-cell diff i is defined as
where: 
where N is the number of batteries connected in series that builds the whole battery system.
When the difference of an unbalanced cell is equal or higher than diff max , all of the current is bypassed through the corresponding MOSFET, and therefore the system is waiting for the cell voltage to approach to the average one. When the difference is equal or lower than diff max , the current is partially bypassed to the cell, and the difference keeps decreasing, until the error (the difference between the cell voltage and the reference one) is zero, when all of the current must go through the cell, so the MOSFET is set to its off-state. As it has been mentioned and also shown in Fig.1 , the amount of bypassed current is set by the gate-source voltage of the MOSFET (nchannel). According to the previous lines, the gate-source voltage is obtained as a linear function of the difference between the cell voltage and the average one. Fig.4 represents such relationship. For an n-channel MOSFET, the equation of the drain current in saturation mode is
where I D is the MOSFET current, K is the conduction parameter, V GS is the gate-source voltage, V T is the threshold voltage, λ is the lambda parameter and V DS is the drain-source voltage. The MOSFET works in the saturation region whenever it is kept working fulfilling
and 
The equation of the line in Fig.4 , is obtained as
which leads to
and therefore
The lower the difference is, the lower the bypassed current is, and the less the equalization is being carried out. It means that the reference would be like an asymptote that is reached in the infinite time. Once the cell voltage is inside a very narrow margin of error (very small difference with the reference) the bypassed current is negligible, but before reaching this margin the speed of the equalization process was slower and slower, that increases the energy losses, and after having reached this cited margin, the system keeps equalizing until the infinite time that is when the reference is reached also decreasing the efficiency. In order to decrease the energy losses even more, and therefore optimize the control more, an intermediate level of V GS (and diff) is set. When an unbalanced cell starts the equalization process from a high difference, the control is kept according to Fig.4 , but when the difference reaches the mentioned intermediate level, from that moment this difference is considered fixed (although it really keeps decreasing), and so the bypassed current is fixed into an intermediate value that allows the cell voltage to get zero error (zero difference between the cell and reference voltage).
Once the cell voltage comes to zero error, and its corresponding MOSFET is set to off-state, the cell equalization process is stopped. Considering that there can be manufacturing and thermal variances between cells, its voltage could be oscillating around the reference that could cause the activation and deactivation of the equalization process, and a considerable increase in the energy losses. The way this problem is solved consists of the utilization of the aforementioned intermediate difference level. When the cell voltage gets the zero error, the equalization process is deactivated until the difference comes to the intermediate level that is when the equalization is activated again. This idea avoids energy losses which can decrease the efficiency of the system. The algorithm that decides whether the n-channel MOSFET are activated or deactivated is shown in Fig.5 . The algorithm that explains how the gate-source MOSFET voltage is calculated is shown in Fig.6 .
III. SIMULATION RESULTS
The modeled system consists of 3 cells, each of them in parallel to an n-channel MOSFET, the equalizer control system and finally the input of the whole system, which is the current that is injected into the whole battery system or delivered by this one. The cells utilized are the batteries "Batterist PQ5400 LP2", which have been modeled [14] - [15] . The n-MOSFETs (modeled in their saturation region) are the "Vishay Siliconix SiS452DN". The Matlab/Simulink model of the proposed system is given in Fig.7 . Below the charging process is simulated and studied with a help of this model.
The amount of current that is injected into the battery is set to 7A. The SOC of the cells is set to 50%, 60% and 70% for the cell number 1, the cell number 2 and the cell number 3, respectively. Fig.8 is divided into three subplots. The first subplot shows the cells voltages. It can be seen that after some hundreds of seconds, the system can be considered balanced. The second subplot shows the cells currents. Two of the cells (the ones which started with a SOC of 50% and 60%) are being injected all the current since their voltage is lower than the average one. One of these cells with lower SOC suffers a small deviation that is solved placing its control in the intermediate level, and recovering the balanced state after a short time. The remaining cell (the one which started with a SOC of 70%) is not injected current at the beginning, then it is injected more and more gradually, until it reaches a level (the intermediate level aforementioned) in which the amount of injected current keeps constant in an intermediate value, and finally the cell is injected all of the current (7A). The third subplot depicts the MOSFETs currents, which are the ones bypassed to the cells. It represents the equalization process behavior. As it can be seen, the MOSFETs that are in parallel to the lower voltage cells bypass zero current since all of the current is injected into the corresponding cells, and the effect of the small deviation of one of them is shown as the MOSFET bypasses the intermediate level of current. This intermediate level is mainly enough to bring the cell to its balanced state, which allows the system to decrease the energy losses. The remaining cell (the one that started with a higher voltage than the average one, that is to say, with a higher SOC) is fully bypassed at the beginning, and therefore it can be seen that all of the current goes through its corresponding MOSFET. Then, the cell is being balanced more and more, thus, the MOSFET is bypassing less and less current. When the intermediate level is reached, the MOSFET starts to bypass a constant current until the cell is considered balanced, and then the MOSFET is set to its off-state and the cell is injected with all of the current.
Once it has been checked that the different cells in a string can be balanced, Fig.9 shows the lost energy as a function of the time. It has to be reminded that the different cells SOCs are set in order to simulate a huge unbalance (from 50% of SOC the least charged cell to 70% the most charged one). After a charging process of the cells (taking into account that the minimum considered SOC was 50%), it can be checked that at the beginning, the amount of losses is high since there is a big unbalance and the equalizer has to work hard, but at the end it can be seen that the relation of lost energy in the equalization process over the total energy delivered by the battery to the charger is really low and is 10%. 
IV. CONCLUSIONS
Battery system equalizer is a very important issue in an application design which includes energy storage. A well balanced battery system can mainly increase its life, its safety, and optimize the capacity of the battery. The equalizer system has to be able to carry out a proper balance minimizing the lost energy during its operation, obtaining the proposed aim in the shortest possible time, and minimizing its complexity and cost.
In this paper, based on the shunting transistor equalization topology, a novel control is presented, in which all the aforementioned requirements can be satisfied. This simple topology and novel control allow lower losses and low cost equalization, obtaining good results in a really short time. This equalization can be carried out in the battery charging process, which allows the battery system to be balanced, and therefore all the cells in the series string are working under the same conditions along the whole battery life. Research Group (http://peandes.unex.es). His research interests are power electronics in the power system, battery chargers, battery equalization and electric vehicles.
